Abstract. In our previous works we obtained analytical dependencies characterising the impact interaction that arises when the heads of the root crops are cleaned from the remnants of tops (leaves) by means of a flexible cleaning blade. In order to find a more perfect and complete result, which could be used by the designers of sugar beet harvesting machines, the research in this technological process needs to be continued in the direction of numerical simulation of the dependencies on the PC. In accordance with the compiled programme of numerical calculations in the Mathcad system, numerical calculations were executed of the kinematic and design parameters of a flexible cleaning blade depending on the design parameters of the cleaning blade, the physical and mechanical properties of the sugar beet tops (leaves) and conditions of cleaning without extracting the roots themselves from the soil. On the basis of the results of calculations graphical dependencies were built of the angular velocity ω of the rotational movement of the flexible cleaning blade upon the indicated parameters of the cleaner, allowing estimation of their optimal value.
Introduction
Precleaning of the sugar beet heads from the remnants of tops (leaves) without extracting from the soil is an urgent and sufficiently complicated problem of the harvesting technological process [1] [2] [3] . In conformity with the existing agrotechnical requirements, the amount of the green remnants of the tops (leaves) on the root crop heads during their digging out of the soil must not exceed 3 % [4] . Therefore, the technological process of leaf harvesting includes a separate precleaning operation of the root crop heads from the leaves left unremoved after the main, complete cutting without their extraction from the soil. The most common working tools for the execution of this operation are flexible cleaning blades, which, as rule, are installed by means of pivots on the horizontal drive shaft. Theoretical investigations of the impact interaction of the flexible blade, pivotally fixed on the horizontal drive shaft of the cleaner of sugar beet heads without their extraction from the soil, make it possible not only to establish the basic dependencies between the kinematic and the design parameters of a particular technological process but also serve as the basis for further determination of their rational values. The analytical dependencies obtained by us previously [2; 5] , characterising the impact interaction arising when the sugar beet heads are cleaned from the remnants of tops (leaves) with a flexible cleaning blade, are the ones that provide a possibility to carry out numerical simulation on the PC in the future and achieve the most perfect and complete investigation of this technological process, the results of which will be useful for the designers and constructors of sugar beet harvesting machines.
There are published a sufficiently great number of scientific works [6] [7] [8] [9] [10] etc., devoted to the solution of urgent issues of precleaning the sugar beet heads from the remnants of tops (leaves). There are also results obtained of theoretical and experimental studies of the sugar beet head cleaners of various designs. The most thoroughly investigated are the cleaning blades of the root crop head, most widely used in the world. The most detailed and complete is the theory of impact interaction of the flexible cleaning blade and the sugar beet head fixedly located in the soil [11] . However, the analytical dependencies presented there are not solved numerically, which does not give a complete idea about rational parameters of the cleaning blade of the root crop heads. Therefore, in order to carry out successful designing and development of new cleaner designs for cleaning the sugar beet heads from the remnants of tops (leaves) without extracting from the soil, it is necessary to conduct analysis of the obtained analytical dependencies and to perform their numerical simulation, which will provide a foundation for the application of rational kinematic and design parameters of the cleaners of the root crop heads [2] .
The aim of the work was to carry out numerical simulation on the PC of the previously obtained analytical dependencies concerning impact interaction of a flexible cleaning blade with the sugar beet head without its extraction from the soil, and to determine on this basis rational parameters of a root crop head cleaner equipped with a blade which is pivotally installed on the horizontal drive shaft.
Research methods
As a result of a previously conducted theoretical investigation [11] , a force diagram was worked out of the interaction of a single flexible cleaning blade with the sugar beet head fixedly located in the soil, the upper part of which projects to a certain height above the soil surface and has uncut remnants of leaves on its periphery (Fig. 1) . In this connection a flexible cleaning blade AM is studied, which is pivotally suspended on the axis A. The pivot А is fixed on the generatrix of the cleaner cylinder with a radius r. The design and kinematic parameters of the simplest cleaner are: the end of the blade describes a circle with a radius ρ in rotation with a constant angular velocity ω in a longitudinalvertical plane; the axis of the horizontal drive shaft (point O) is moving above the surface of the soil at a height Н. The axis of rotation O of the simplest cleaner performs forward movement with a constant velocity of forward movement V o ̅ . The force diagram shows the rectangular Cartesian coordinate system xOz, in which the horizontal axis Ox coincides with the direction of the forward movement of the cleaner, but the axis Oz -is directed up. In this case the length of the blade is equal to 2l. Point М, which belongs at the same time to the flexible cleaning blade АМ and the sugar beet head, is the impact point. The physical sense of other applied forces is clear from the force diagram (Fig. 1) .
As a result of previously conducted theoretical investigations [9] , an expression was obtained for the angular velocity ω of rotation of a flexible cleaning blade around point О, considering the condition that the sugar beet root is not kicked out of the soil during the stripping (crumpling) process of the remaining leaves from the head [11] :
where Q -stripping (crumpling) force of the remnants of leaves, N; m -mass of the blade, kg; V o -velocity of the forward movement of the blade together with its axis of rotation, m·s -1 ; t 1 -contact time of the blade with the root crop head, s; I c -inertia moment of the blade in relation to the axis through the centre of masses (point С) of the blade, parallel to the axis of rotation of the shaft (point О), kg·m 2 ; ω 1 -angular velocity of the blade in relation to point А after the impact, s -1 ; 2l -length of the blade, m; r -radius of the blade suspension on the horizontal drive shaft (cylinder) of the cleaner.
In this case the inertia moment I c of the flexible cleaning blade in expression (1) in relation to the axis through the centre of masses of the blade (point С), parallel to the axis of rotation of the shaft (point O), depends on the form of the cross-section of the blade itself. Therefore, two analytical expressions were written for the said inertia moments [12] . Thus, for a flexible cleaning blade of a rectangular parallelepiped form with the sides 2a 2b 2l this inertia moment I c will be equal to:
where 2a -width of the cleaning blade; 2l -length of the blade.
If the cleaning blade has the form of a right circular cylinder, then its inertia moment c I will be equal to:
where r 1 -radius of the cross-section of the cleaning blade. After the programme was compiled in the Mathcad system, numerical calculations of the kinematic and design parameters of the flexible cleaning blade were executed on the PC depending on the design parameters of the cleaning blade, the physical and mechanical properties of the sugar beet tops (leaves) and conditions of cleaning without extracting the roots themselves from the soil. The data of the constant values [5] , which were necessary in order to make these calculations are presented in Table 1 . Allowed impact force of knocking the sugar beet root out of the soil P, N 185-432
Results and discussion
As a result of the conducted numerical calculations, graphic dependencies have been obtained of the kinematic and design parameters of the technological process of removing the top (leaf) remnants from the sugar beet heads by means of a flexible cleaning blade installed on the horizontal drive shaft. The data are presented in Figs. 2-8. Fig. 2 presents a graph of the dependence of the angular velocity ω of rotation of the horizontal drive shaft with a flexible cleaning blade installed on it, depending on the impact time 1 t .
As evident from the presented graphic dependence, with increasing the impact interaction time t 1 of the flexible cleaning blade with the sugar beet head, changes in the angular velocity ω of its rotational movement have an appearance close to the exponential one. Besides, changing the contact time t 1 from 0.005 to 0.018 s ensures the most constant value of the angular velocity ω of the rotational movement, which should be preferred, i.e. the angular velocity ω cannot be greater than 20 s -1 . Dependencies of the change in the angular velocity ω of the rotational movement on the length 2l of the blade and its suspension radius r, taking into consideration its mass m and length 2l, are shown in Fig. 3 and Fig. 4 . The obtained results witness that the angular velocity ω of the rotational movement of the flexible cleaning blade is dependent on its length 2l, which is close to the exponential. It is also evident that in this case the mass m of the cleaning blade at its minimal value substantially affects the angular velocity ω. If the mass m is increased, it practically has no influence upon this dependency. However, in order to improve the impact of the length 2l of the cleaning blade upon the value of the angular velocity ω, it is necessary to choose the length of the cleaning blade, close to 0.3-0.4 m, which will ensure a minimal value of the angular velocity ω at which high cleaning quality of the sugar beet heads from the remnants of tops (leaves) is achieved without knocking the root crop bodies out of the soil. As regards the dependence of the angular velocity ω on the radius r of the blade suspension, increasing the value of the particular design parameter of the sugar beet cleaner from the remnants of tops (leaves) without extraction of the heads from the soil will also ensure minimal values of the angular velocity ω of the rotational movement in case just this length 2l (2l = 0.3…0.4 m) of the flexible cleaning blade is used. Consequently, the horizontal drive cylinder of the sugar beet cleaner from the remnants of tops (leaves) must have a radius not less than 0.25…0.3 m for rational values of the length 2l of the blade.
Dependence of the angular velocity ω of the rotational movement of the cleaning blade upon the velocity V о of the forward movement of the cleaner, considering the length 2l of the blade itself, presented in Fig. 5 , actually has a linear shape. The graphs, presented in Fig.5 , show that the impact of the length 2l of the blade upon the considered dependency is clearly evident. For instance, with increasing the length 2l of the blade, the values of the angular velocity ω become considerably lower. Yet, as seen from the graphs, the most rational is the velocity V о of the forward movement of the cleaner, which does not exceed 2.5…4.5 m·s -1 . Besides, the length 2l of the cleaning blade should not also be less than 0.3…0.4 m. As the obtained graphs indicate, the impact of the stripping (crumpling) force Q upon the angular velocity ω also has a shape, close to the linear dependency. Besides, increased stripping (crumpling) force Q requires adequate increase in the angular velocity ω of the rotational movement of the cleaning blade. In case radii r of the blade suspension having minimal length (0.1…0.25 m) are used, increase in the angular velocity ω, with the stripping (crumpling) force Q increasing, is more intense than in the case when the value of the radius r is selected close to 0.1…0.15 m. However, when the stripping (crumpling) force Q is changed in a wide range, preference should be given to an angular velocity ω, equal to 32.0 s -1 , but the radius r should not be greater than 0.15…0.25 m.
Dependence of the angular velocity ω of the rotational movement of the cleaning blade on the mass m of the blade itself is shown in Fig.7 . As it is obvious from the graphs presented in Fig. 7 , the mass m of the flexible cleaning blade should not be less than 0.3…0.35 kg, which will ensure high cleaning quality of the sugar beet heads from the tops (leaves) without extracting from the soil at an average value of the stripping (crumpling) force Q. Besides, no knocking of the sugar beet roots from the soil will occur.
Dependence of the angular velocity ω of the rotational movement of the flexible cleaning blade on the length 2l of the blade itself for different forms of its cross section is presented in Fig. 8 . The form of the cross section of the flexible cleaning blade leaves substantial impact on the angular velocity ω of the rotational movement of the blade itself only at small values of its length 2l. In case the length 2l of the cleaning blade is used, which was previously defined as rational at other kinematic and design parameters of the cleaner, i.e. greater than 0.15-0.3 m, the form of the cross section of the blade influences only to a minimal degree the said parameters, which ensure high cleaning quality of the sugar beet heads from the top (leaf) remnants without their extraction from the soil. Therefore, when using the length 2l of the flexible cleaning blade, which is greater than 0.3 m, the form of its cross section may be neglected as in this case it is an insignificant parameter.
Consequently, on the basis of the performed numerical simulation on the PC it was established that the most rational kinematic and design parameters of the sugar beet head cleaner from the top (leaf) remnants without extraction and knocking the roots from the soil by means of a flexible cleaning blade, installed on the horizontal drive shaft should be: the length 2l of the flexible cleaning blade must not be less than 0.3 m but the radius r of the cylinder on which the blade is installed also must not be less than 0.25 m, the velocity V о of the forward movement of the cleaner must not be less than 2.5-3.0 m·s -1 . The result obtained is, in general, consistent with the data of numerous tests of root crop cleaners from the remains of leaves, including those with flexible cleaning blades. Thus, according to the data of [13] , the forward speed of the sugar beet root cleaners equipped with flexible cleaning blades should not exceed 3.0 m s -1 , which will ensure that the beet roots are not knocked out of the soil after they are preliminarily cleaned, and high cleaning quality of the heads from the remains of the foliage is achieved. As for the length of the cleaning blade 2l, as the results of experimental studies [14] showed, the length of the flexible cleaning blade 2l, at which the beet root is not knocked out of the soil, should not exceed 0.32 m. A rational length of the flexible cleaning blade, according to the data of [14] , should be equal to 0.23 m. In addition, according to the data given in [2] , the value of the angular velocity ω of the driving shaft with flexible cleaning blades should not exceed 31 -38 s -1 , which also agrees with the theoretical values of this kinematic parameter obtained by us.
Thus, the experimental studies carried out by other authors fully confirm the theoretical results obtained by us. To ensure high-quality removal of the green and firm remains of the tops from the heads of sugar beet root crops, after the basic complete cutting of its green mass, modern researchers and designers of sugar beet harvesters limit the length of the flexible cleaning blades (taking into account the limitation of size and energy intensity of the process), using more rigid cleaning blades. In this case, short cleaning blades are used of a more rigid material and large geometric dimensions, or reinforcement of the rubber blades with a flexible metal rods is used. Besides, the mass m of the flexible cleaning blade must not be less than 0.3…0.35 kg. For the indicated rational parameters of the sugar beet head cleaner without extraction from the soil by means of a flexible cleaning blade, installed on the horizontal drive shaft, the form of the cross section of the blade itself (rectangular or round) has no substantial influence.
Smith L. [5] conducted a study of the effect of increasing the number of cleaning blades and the forward velocity on the cleaning quality of the root crop heads from the remains of foliage with the use of a three-drum defoliator. The results of the tests showed an increase in damage to the heads of the root crops due to the fact that the maximum stripping force of the remains of the tops was not taken into account, which depends on a plurality of kinematic and structural parameters of the cleaning blade and the drum. Therefore, Smith L. noted the need for further careful study of this issue. This is what was done in our study, namely, the determination of the optimal parameters of the cleaning machines with flexible blades, provided that the root crop is not knocked out of the soil and the head is least damaged.
Conclusions

1.
In their final form the obtained solutions of the differential equation of the movement of a flexible cleaning blade along the sugar beet head provided a possibility to obtain new analytical expressions for the determination of the rotation angle and angular velocity of the rotational movement of the cleaning blade installed on the horizontal drive shaft on condition it ensures efficient stripping (crumpling) of the top (leaf) remnants without destructing the ties of the sugar beet roots with the soil, with different values of its geometrical dimensions and forms: a rectangular parallelepiped or a straight round cylinder. 2. The results of the numerical simulation on the PC showed that the rational kinematic and design parameters of the sugar beet head cleaner without extraction from the soil, which ensure a high indicator of the cleaning quality of root crops from the top remnants without knocking the root crops from the soil, are: the velocity V о of the forward movement of the cleaner should not be less than 2.5…3.0 m·s -1 , the length 2l of the flexible cleaning blade should not be less than 0.4 m, and the radius r of the cylinder on which the blade is installed also should not be less than 0.3 m. Besides, the mass m of the flexible cleaning blade should not be less than 0.3 kg.
